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This letter demonstrates that, whereas nanocavities are quite stable in crystalline Si (c-Si), they are
unstable in amorphous Si (a-Si). This behavior is illustrated by introducing a band of nanocavities
into c-Si by H implantation, followed by annealing at 850 °C. Amorphization of thec-Si
surrounding the nanocavities led to their disappearance. Transmission electron microscopy,
Rutherford backscattering, and channeling and time resolved~optical! reflectivity were used to
provide details of the cavity instability process by studying the amorphous Si after implantation and
subsequent crystallization. Two possible reasons are suggested for the instability of nanocavities in

















































orThere are now several reports that void or nanoca
bands can be introduced into crystalline Si by either H~Ref.
1! or He ~Ref. 2! implantation followed by annealing at typ
cally 850 °C. Once H or He is driven from the inner walls
the cavities, these inner surfaces contain a large number
dangling bonds. Such cavities are metastable as a resu
the extremely high surface energy of nanometer-sized c
ties but nevertheless are quite stable in crystalline Si (c-Si)
at temperatures less than about 1000 °C. It is found
nanocavities are very effective sinks for fast-diffusing imp
rity atoms in a Si wafer and, as such, are efficient getter
sites for metal impurities,3,4 which are deleterious to S
devices.5 If nanocavities are to be used for the effective
moval of metal from active device regions, their stabil
under a range of device processing situations is crucial.
deed, it is interesting to examine their stability under i
irradiation conditions which amorphize the surrounding cr
talline Si. For example, do cavities survive amorphizat
and if so, do they remain effective getter sites for metals
In light of the above considerations, this letter reports
the influence of implant-induced amorphization and its s
sequent solid phase epitaxial growth~SPEG! on the stability
of nanocavities in Si. Au was introduced into the wafers
monitor the gettering efficiency of cavities before and af
amorphization. The samples were characterized by Rut
ford backscattering~RBS! and channeling combined wit
cross-sectional transmission electron microscopy~XTEM!
observations. The structural observations were also co
lated with kinetic data fromin situ SPEG measurements ca
ried out using time-resolved reflectivity~TRR!.
Cz Si wafers~n-type, 5–10V cm! of ~100! orientation
were used. A buried nanocavity band, located at about 5
Å from the wafer surface, was created by an implantation
50 keV H ions to a dose of 31016cm22 at room tempera-
a!Electronic mail: eme109@rsphysse.annu.edu.au2310003-6951/99/74(16)/2313/3/$15.00

















ture followed by an annealing at 850 °C for 1 h. A unifor
amorphous Si layer of about 1mm in thickness was intro-
duced by Si ion self-implantation at three energies~70 keV
to a dose 131015cm22, 330 keV to a dose 3 1015cm22,
and 700 keV to a dose 531015cm22! at liquid nitrogen tem-
perature. To avoid ion-channeling effects, all of the im
planted samples were tilted;7° from the incident beam di-
rection. Thea-Si layer was then recrystallized at differe
temperatures on ani situ TRR setup.6 Au was introduced,
using an 80 keV Au implant to a dose of 431014cm22 at
room temperature into the near-surface of both thec-Si
sample containing cavities and the sample containing c
ties that had been subsequently amorphized and then cry
lized. A furnace anneal at 850 °C for 1 h in anargon gas flow
was then performed to determine the extent of Au getter
to the cavity band region in both cases.
The amorphous layer thickness and structure,
H-implanted damage profile, the crystal quality, and a
movement of Au to cavities were determined with RBS a
ion channeling using 2.0 MeV He ions. The microstructu
was examined with XTEM using a Philips 430 microsco
operating at 300 keV and SPEG kinetics were monito
using TRR with a 1523 nm laser.6
Figure 1 illustrates the normal case of a cavity ba
formed in c-Si and the subsequent gettering of Au to th
band.7 Figure 1~a! shows an XTEM image, which indicates
well-formed cavity band. In this case the inner cavity su
faces are decorated with Au and there is expected to be s
bulk phase Au in the cavities.7 Some near-surface damag
from the original Au implant also exists but the quality of th
crystal surrounding the cavity band is very good. Figure 1~c!
shows a higher magnification image of the cavity band
gion. The typical size of the nanocavities is 5–20 nm
diameter. Figure 1~b! shows the corresponding random RB
spectrum of the Au profile following annealing at 850 °C f3 © 1999 American Institute of Physics



































2314 Appl. Phys. Lett., Vol. 74, No. 16, 19 April 1999 Zhu et al.1 h. Essentially all the Au is gettered from the near-surfac
the cavity band as previously shown.7
Examination of thea-Si by XTEM is shown in Fig. 2~a!.
After implantation XTEM could not reveal the presence
cavities and showed a featurelessa-Si layer. However, the
presence of a low volume fraction of voids ina-Si would not
be easy to detect in a standard bright field TEM image.
some of thesea-Si samples, Au was introduced by impla
tation and the layer annealed at 450 °C to diffuse the
throughout thea-Si layer8 but not crystallize the layer. In
this case~not shown!, the Au merely distributed uniformly
throughout thea-Si without segregation at the region of th
cavity where the high concentration of Si dangling bands
the cavity walls might be expected to constitute preferen
sites for Au. However, the negative result of the above
periments does not rule out the continuing presence of c
ties in a-Si.
In Fig. 2~b!, we show the results of the extracted activ
tion energy of SPEG obtained from TRR during the recr
tallization of thisa-Si layer at three temperatures: 530, 60
and 670 °C. There is clearly an increased activation ene
corresponding to a slow down in regrowth rate in the reg
originally containing the cavities compared with a cont
sample, which did not contain cavities. However, the ret
dation of SPEG does not prevent complete regrowth to
surface and when the regrowth front passes through the
FIG. 1. ~a! @110# bright-field XTEM image of cavity band at 5500 Å.~b!
Corresponding RBS random spectrum of Au gettered to the cavity ban
about 5500 Å from wafer surface following annealing at 850 °C for 1 h.~c!

















ity band region the regrowth kinetics return to normal. F
details of the TRR data and SPEG kinetics will be giv
elsewhere9 but we note here that botha-Si layers~initially
with and without cavities! exhibited the expected;20%
slowdown in regrowth in the top 1/2mm or so as a result o
indiffusion of hydrogen.6 However, the sample originally
containing cavities showed an additional retardation and
crease in activation energy at the cavity depth. Whether
additional retardation is caused by an additional role of
drogen at this depth or to remnant nanocavities or ‘‘defec
is unclear at this stage.
Figure 3 illustrates the microstructure and attempts at
gettering in a sample where the cavity band region w
amorphized and subsequently recrystallized. Figure 3~a!
at
FIG. 2. ~a! XTEM micrograph ofa-Si sample after amorphization of th
cavity band region.~b! Activation energy of SPE growth vs depth for a
amorphized Si layer originally with a nanocavity band.
FIG. 3. ~a! Corresponding@110# bright field XTEM image of recrystallized
cavity band region. Note the cavities have disappeared,~b! corresponding
RBS random spectrum of Au implanted into a sample in which the ca
band region was amorphized and then recrystallized. After Au implanta
the sample was annealed at 850 °C for 1 h; all the Au remained at
surface.

































































2315Appl. Phys. Lett., Vol. 74, No. 16, 19 April 1999 Zhu et al.shows the XTEM result, which clearly illustrates the com
plete disappearance of the cavity band in this case. Ind
the Si region originally containing cavities is now essentia
defect free: the only disorder is in the Si near-surface~Au
implant damage! and at the originala-Si/c-Si interface. The
latter interface disorder consists of well-defined dislocat
loops, which result upon annealing at 850 °C. Figure 3~b!
shows the RBS Au profile after 850 °C annealing to direc
compare with the results of Fig. 1~b!. The lack of gettering of
Au to the original cavity band region suggests the absenc
any appreciable open volume defects10 or disorder to getter
Au at the original depth of the cavity band.
The above mentioned result is quite amazing as it in
cates dramatic mass transport to fill in the cavities follow
amorphization at temperatures at which cavities inc-Si are
very stable. The obvious question is: when do the cavi
disappear; during implantation/amorphization or during s
sequent annealing and SPEG? Indeed, if nanocavities w
present during SPEG, and they are filled in by mass trans
at this stage, it is surprising that there is not a much lar
effect on the SPEG process than the change in kinetics
served in Fig. 2~b!. Due to the enormous mass transpo
which would need to occur, we do not believe that the ma
filling in of the cavities occurs during SPEG. For examp
SPEG occurs at more than 100 Å s21 at 670 °C~Refs. 6 and
9! and the filling in of cavities during SPEG would the
require impossibly fast mass transport of Si along thea–c
interface, involving diffusivities @1022 cm2 s21. Conse-
quently, it may be more reasonable to expect the filling
process to occur mainly during implantation but possi
also during the heating ofa-Si prior to crystallization, as we
discuss in the following.
We suggest two possible driving forces for cavity co
lapse in amorphous Si during irradiation and possibly a
during subsequent annealing. First, it is well known that
implanteda-Si is less dense thanc-Si. Even just before it
crystallizes,a-Si has a density which is 1.8% less dense th
c-Si.11 Thus,a-Si can be considered to have a larger ‘‘eq
librium’’ concentration ~or solubility! of open volume de-
fects ~i.e., vacancy-like defects! thanc-Si. Indeed, solubili-
ties of H and metals such as Cu, Ag, and Au are orders
magnitude higher ina-Si thanc-Si.12 Therefore, we envis-
age that cavities can dissolve ina-Si as the structure ex
pands, to result in an amorphous phase of lower density w
the cavity volume accommodated in the excess open vol
of vacancy-like defects ina-Si. This process is mediated b
plastic flow ofa-Si during irradiation.11,13,14It is well known
that a-Si plastically deforms and has a lower viscosity th
c-Si.15 Indeed, it has previously been argued that ion i
planted amorphous silicon normally has a uniform dens
with no evidence for voids.16 Second, the surface energy
cavities can also act as the driving force to shrink them d
ing irradiation. The smaller the cavity, the larger is the lo
driving force for collapse. Clearly, cavities inc-Si are quite
stable since the surrounding crystal is brittle~high yield


























migrate and dissolve cavities is large. On the other ha
a-Si is plastic, particularly under irradiation,11,13–14and has a
low yield stress.17 Hence cavities can more readily collap
in a-Si. Since the main aim of this letter is to present t
phenomenon of cavity collapse ina-Si, we do not speculate
any further here on a possible mechanism. In particular,
certainty of quantifying flow processes ina-Si under ion
irradiation, uncertainty of the surface free energy ofa-Si and
also of the size effect of nanocavities on the capillary pr
sure awaits further more detailed research.
In terms of the higher activation energy@Fig. 2~b!# when
SPEG proceeds through the region initially containing ca
ties, we do not as yet understand the process in detail.
clearly a result of subtle structural differences~of lower den-
sity! in a-Si, possibly combined with an additional effe
from residual hydrogen. This issue will be addressed in
future publication.
In conclusion, we have observed an intriguing effect
Si whereby amorphization of a band of nanocavities lead
their complete disappearance following subsequent ann
ing to crystallize the Si. We propose that the process of
ing in of the cavities occurs mainly during implantation a
is driven by the lower chemical potential of vacancies
a-Si or/and surface free energy of nanocavities ina-Si. This
process is mediated by plastic flow. Experiments are c
rently underway to verify this proposition. The instability o
cavities following an amorphization process has signific
implication for the use of cavities to induce gettering of m
als and for extending understanding of the nonequilibri
nature of amorphous Si.
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